Abstract-In this work, electrical characterization on insulating aluminium nitride (AlN) and conducting tungsten (W) films was performed using dedicated test structures, in order to determine the thickness at which the films reached continuity. A discontinuous-to-continuous transformation of the AlN layer (occurring around 11 nm) resulted in a transition from ohmic to non-ohmic current conduction, in addition to drastically reduced current density levels. For similar transformation of the W layer (occurring between 2-3 nm) the reverse transition was observed, which was accompanied by a rapid convergence of the film resistivity to the bulk value. The electrical analysis of film continuity was complemented optically by in-situ monitoring of the film growth and its closure, with the spectroscopic ellipsometry (SE) technique.
I. INTRODUCTION
The current trends in electronic devices demand the deposition of ultra-thin films, occasionally in the (sub-) nm range. Atomic layer deposition (ALD), which involves sequential and self-limiting surface reactions [1] , is evolving as the technology of choice for such films, as it allows precise control of the film thickness down to (sub-)atomic dimensions. However, the initial film growth strongly depends on interactions between the substrate and the precursor species. This implies that growth may not start directly in a layer-bylayer fashion (i.e., as continuous or 'closed' film), but with the formation of discrete, scattered clusters on the substrate. With subsequent ALD cycles, new clusters are formed and the existing ones increase in size. Eventually the clusters coalesce into a continuous film [2] . For applications involving ultra-thin films, it is thus critical to know when this closure of the film occurs.
In this work, electrical characterization on insulating aluminium nitride (AlN) and conducting tungsten (W) films were performed using dedicated test structures, to determine the thickness at which the films reached continuity. AlN and W were taken as examples due to their widespread application in microelectronics. AlN has outstanding insulation properties (bulk resistivity of 10 ), and excellent thermal stability. The combination of these properties makes AlN wellsuited for a large variety of applications [3] [4] [5] . W, on the other hand, is a well-established backend material in integrated circuit technology. It is widely used for filling contacts and vias due to its inertness to most chemicals, compatibility with silicon technology, and very low electrical resistivity (10 -7 Ω m) [6] .
Films of different thicknesses were deposited by ALD on specially designed electrical test structures. In case of (insulating) AlN films, a vertical current conduction was measured. The coalescence of AlN films from discrete AlN clusters into a completely continuous layer, sandwiched between two electrodes, resulted in a transition from ohmic to non-ohmic conduction. In case of (conducting) W films, a lateral current conduction was measured. The coalescence of discrete W clusters in between the electrodes resulted in a transition from non-ohmic to ohmic conduction.
Film growth was monitored in real-time with in-situ spectroscopic ellipsometry (SE). This technique not only enabled accurate control over film thicknesses, but also indicated the transition regime from a discontinuous to a continuous film from distinct changes in the film growth rate. Film thickness values corresponding to the coalescence of AlN and W films, as obtained from the electrical measurements on the test structures and from SE analysis were in fair agreement with each other.
II. TEST STRUCTURE DESIGN AND FABRICATION

A. For insulating films
A schematic of the test structure for insulating films is shown in Fig. 1a . The substrate was a p-type Si wafer, on which 100 nm SiO 2 was thermally grown as an isolating layer. A 5 nm titanium (Ti) adhesion layer was first sputtered, followed by 30 nm Pt. The Ti/Pt layer stack was patterned by a lift-off process, resulting in well-defined contact pads for the bottom electrode. Further, a 7 nm amorphous silicon (a-Si) layer was deposited by low pressure chemical vapour deposition (LPCVD) at 350 °C. AlN was deposited by thermal ALD at 350 °C in the same reactor without vacuum break, with film thicknesses ranging from 4 to 35 nm. The a-Si served as an adhesion layer, as AlN deposited directly on Pt was seen to peel off during subsequent process steps. Further, a second a-Si layer (14 nm) was in-situ deposited as a capping layer for AlN in order to prevent its oxidation upon exposure to air [7] . Finally 50 nm Pt was sputtered for the top electrode and patterned by lift-off. a-Si itself is highly resistive, but annealing of the structure at 200 °C (N2 ambient, 10 mbar) for 25 min led to complete silicidation between Pt and a-Si, thereby forming two conductive PtSi layers below and above the AlN layer [8] . The entire process would finally result in an insulating AlN film sandwiched between two conductive PtSi/Pt electrode stacks.
B. For conducting films
The transition from a discontinuous to a continuous layer was explored for conducting tungsten films as well. Circular transmission line model (CTLM) [9] structures were fabricated to measure the electrical behavior of W films with thicknesses in the range of 0.3 -8.5 nm. The two Pt electrodes (Fig. 1b) in CTLM structures were realized on thermally grown SiO 2 by sputtering 5 nm Ti and 25 nm Pt combined with lift-off, as described in [10] . The diameter of the inner circle (d) ranged from 75 to 125 µm and the gap between the circle and the ring (s) varied between 2.5 and 300 µm. Before deposition of W on such-fabricated electrodes, a roughly 0.6-nm-thick W seed layer was formed to enable the nucleation and further ALD of W [11] . The W films were deposited at 275 °C by hot-wire assisted ALD process [11] . Finally, the W layer was capped by a 10 nm a-Si layer (not shown here) to prevent its oxidation in air. 
III. ELECTRICAL MEASUREMENT RESULTS
A. Insulating AlN films
On the AlN devices, in order to contact the bottom Pt electrode, the upper layers were scratched off by the measuring probe. This saves process steps (for the etching of contact holes). It proved successful when measurements were done on a reference test structure, which had no AlN film deposited between the electrodes. In this reference test structure, the top and the bottom Pt electrodes were thus connected to each other by the conductive PtSi layer. The current density (J meas ) in the test structure was the measured value of current (I meas ) per unit electrode area (A electrode = s 2 ), that resulted on applying a bias voltage (V bias ) (refer to Fig. 1a) . J meas vs. V bias plots showed a perfectly linear behavior for different electrode sizes, indicating an ohmic conduction and hence also ensuring the occurrence of proper silicidation of the electrodes.
The overall resistance R tot of the test structure can be defined as:
I meas -V bias measurements indicated the presence of an external resistance (R ext ) that was independent of the electrode area, in addition to the resistance of the layer stack (R stack ) in the region-under test, i.e.:
R ext was identified as the sum of the Pt bar resistance (which was an extension to the electrode; refer to Fig. 1a ) (R bar ) and the resistance between the measurement probe and the electrodes (R probe ) at either side of the region-under-test, i.e.:
From the slope of the [1/(dJ meas /dV bias )] vs. A electrode plot, R ext was determined as 15.0 Ω (Fig. 2) . Determination of R bar from the literature Pt-resistivity value and the dimensions of the bar yielded 3.17 Ω, while R probe was determined to be 2.85 Ω with the help of 2-probe-measurements. Twice their sum matched fairly well with the as-determined R ext value.
For the accurate determination of R stack , transmission line theory should be applied to the configuration of Fig. 1a . As the resistivity of PtSi and Pt do not differ significantly (a factor 2.5 in bulk), the structure presented here has a contact length much larger than the transfer length, and current crowding is expected to contribute to the R stack value. Significantly, the dependence of the current density on electrode area (as expressed in the 1/(dJ meas /dV bias ) vs. A electrode plot) can give valuable information about the thickness where the AlN coalesces, since the relative significance of R ext and R stack change dramatically from the reference test structure (i.e., without AlN film) to the structure with a closed AlN film. In the first case, R ext >> R stack , and thus R tot is independent of the electrode area. However, as the AlN film becomes continuous, R stack increases by several orders of magnitude making R stack >> R ext . As a consequence, R tot now becomes inversely proportional to the electrode area. In other words , the measured current density (J meas ) ceases to vary with the electrode area, as soon as the AlN film is coalesced.
Depositing a 35 nm AlN film (expected to be continuous due to its thickness) between the two PtSi/Pt electrodes decreased J meas by six orders of magnitude as compared to the reference structure. In addition, it exhibited a highly non-linear (i.e., non-ohmic) conduction (Fig. 3a) . This was expected due to the insulating nature of the material.
Several current transport phenomena (e.g. emission or tunneling) in AlN films of comparable thickness have been reported in [12] . In our study, the dominant conduction was found to be Poole-Frenkel emission in the voltage range ~0.6 -7 V (Fig. 3b) . A thinner (15 nm) AlN layer also exhibited extremely low J meas values as well as non-ohmic conduction indicating that there was no direct contact between the two PtSi/Pt electrodes for both these layers. The Poole-Frenkel signature indicated the current flow through the AlN and therefore, the 35-nm film was continuous. In contrast, a much thinner AlN film could be discontinuous. In that case the top and the bottom PtSi/Pt electrodes would make direct contact with each other between the AlN islands, resulting in a linear (i.e., ohmic) current conduction. This was precisely observed for the 4 nm AlN films after annealing ( Fig. 4; in brown) . Furthermore, a variation in the current density with the electrode area was also observed (Fig. 5) . The plot of 1/(dJ meas /dV bias ) vs. A Electrode yielded an R ext value of 18.2 Ω, which was similar in magnitude to the resistance of the reference test structure (15 Ω).
Remarkably, an almost linear J meas -V bias curve was measured for this structure even before the final annealing step ( Fig. 4; in black) , suggesting that the conductive PtSi layer had already formed during one of the process steps. Indeed, since the deposition temperature of the bottom a-Si layer as well as the AlN was 350 °C, occurrence of in-situ silicidation of the bottom electrode was likely. However, in-situ silicidation of the top electrode could only partially occur if the AlN layer was discontinuous. This result additionally confirmed the discontinuity in the 4-nm-thin AlN layer. Comparison of the linearity of conduction before and after the annealing step (from dJ meas /dV bias vs. V bias plots, shown in Fig. 4 -inset) revealed that the conduction became closer to ohmic after annealing the test structure. In addition, annealing also resulted in an increase in the current conduction as a-Si was completely converted to PtSi. The discontinuous nature of the 4-nm-thick AlN layer was finally observed with the help of high resolution transmission electron microscopy (HRTEM) analysis (Fig. 6) . Clusters of AlN embedded in a PtSi layer were clearly identified. These clusters were verified to contain Al and N separately from energy dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) analyses, respectively. Furthermore, the dimensions of these clusters matched closely with the value obtained from the spectroscopic ellipsometry (SE) technique (4 nm).
Measurements on a thicker (11 nm) AlN film prior to annealing exhibited highly non-linear (i.e., non-ohmic) conduction (Fig. 7) . Furthermore, an extremely low current density was detected for this structure compared to the reference-and the 4-nm-AlN structures. These observations suggested the presence of a highly resistive AlN layer between the electrodes: a closed AlN film would force the entire current through it, thereby drastically reducing the current levels. However, careful inspection of the Jmeas-Vbias plot revealed the still-slight dependence of current density with electrode area visible at higher voltages (see Fig. 7 -inset) . The final observation indicated that the film was near to coalescence at 11 nm thickness. Incidentally, this structure was annealed for 90 min. After annealing, the J meas -V bias characteristics not only became remarkably linear, but the current increased several orders in magnitude compared to that in the pre-annealed structure ( Fig. 8 ; the inset contains the dJ meas /dV bias vs. V bias plot showing the ohmic nature of conduction). The dependence of the current density on electrode area was once more prominent, suggesting that the extra annealing time might have caused diffusion and the eventual contact between the top and the bottom PtSi layers. This could occur through the thinnest regions of the AlN layer, the grain boundaries and/or through pinholes in the film; the occurrence of the latter two can be expected at the near-to-coalescence state of the film. As a matter of fact, the current density values were also comparable with the reference test structure ( Fig. 8; in grey) . This further indicated that after annealing, the majority of conduction had occurred via the few direct contact points between the top and bottom conductive PtSi layers.
B. Conducting W films
Current-voltage measurements of W films of different thicknesses deposited on CTLM structures were performed in order to identify the thickness at which the layer became continuous. To note, in this study the thickness when the W film completely coalesced was identified, as opposed to the thickness-of-formation of the first conducting W link between the CTLM electrodes.
For sub-nm W films, extremely low current levels and a highly non-linear conduction were observed ( Fig. 9 ; see the inset for dImeas/dVbias vs. V bias plot for the linearity of conduction). This indicated the existence of scattered W clusters on SiO 2 between the Pt electrodes, and a conduction that was dominated by current-tunneling through the adjacent W clusters. However, the increase in the film thickness not only increased current levels by orders of magnitude but also significantly improved the linearity of conduction, i.e., revealing a transition from non-ohmic to ohmic conduction. From the I-V characteristics of W films, the sheet resistance was determined and the resistivity was calculated according to [13] . The calculated resistivity (ρ) as a function of W-film thickness (t) is presented in Fig. 10 . It can be seen that the resistivity increased sharply when the films were thinner than 2 nm, suggesting the occurrence of scattered W clusters for these thicknesses. This trend could be explained by the enhanced scattering of electrons in ultra-thin films due to the large-area surface effect [14] . However, beyond 2 nm, the film resistivity approached the bulk value known for β-phase W [6] (shown in the dotted line) indicating film-coalescence. In order to establish the thickness of film coalescence with a higher degree of accuracy, the method described by Maroof and Evans [15] was followed: the minimum in the Rt 2 vs. t plot (where R is the sheet resistance and t is the thickness of the film) corresponded to the coalescence thickness. Fig. 11 shows this plot for several CTLM structures with different spacing (s). Even though a slight dependence of Rt 2 on s at all W film thicknesses was observed, the minimum was located between 2 and 3 nm of W thickness for every CTLM spacing, thereby suggesting the coalescence in this range. 
IV. SPECTROSCOPIC ELLIPSOMETRY RESULTS
A. Transparent AlN films
In-situ monitoring of AlN growth (i.e., during the deposition) by SE revealed that there was hardly any film growth for the first ~150 ALD cycles; and only thereafter the growth commenced ( Fig. 12; in black) . From the same graph (in blue), the evolution of the growth rate can also be observed. It is apparent that the growth rate was not constant from the beginning of the deposition, but only after a certain critical film thickness was reached, a constant value of the growth rate was established.
The delay in the commencement of AlN growth in the early stages of deposition points towards the difficulty of nucleation of the film on the a-Si substrate, and thereby resulting in mostly scattered, sub-nm-thin clusters. With continued deposition beyond 150 cycles, these so-formed clusters (and the exposed a-Si substrate) began to serve as new nucleation sites for the incoming precursor molecules. The steadily-increasing growth rate suggests that the AlN clusters served as more favorable nucleation sites than a-Si itself. (To note, the existence of AlN clusters was also observed from HRTEM imaging, as shown in Fig. 6 .) On continuing the deposition the fraction of the stillexposed a-Si layer steadily decreased, therefore leading to a gradual increase in the AlN growth rate until 366 cycles and corresponding to 8.4 nm film thickness. Thereafter the growth rate was observed to stabilize, indicating that the entire a-Si layer was covered with AlN clusters; in other words, the film had reached coalescence at this thickness. Further AlN growth occurred with a constant rate (~0.065 nm/cycle) from selflimiting surface reactions as characteristics of an ALD process. Finally, it may be noted that the coalescence-thickness obtained from SE technique (8.4 nm) was only in slight disagreement with the electrically-obtained value (~11 nm). This much difference may be accepted, considering that the two techniques rely on completely different physical mechanisms (a detailed discussion can be found in [16] ). 
B. Metallic W films
The evolution of the thickness and growth rate of W films, deposited on a 0.6 nm seed W layer, was monitored in real time by in-situ SE in order to determine their coalescence thickness (Fig. 13) . Similar to AlN, hardly any growth occurred for the first 100 cycles, indicating the difficulty of nucleation of W in the early stages of deposition. Thereafter, a rapid increase in the thickness was observed. This jump might not be a true thickness increase, but a sudden change in the optical properties of the film. However, a gradual increase of film thickness with ALD cycles was observed thereafter, with the film growth rate saturating at 0.02 nm/cycle beyond 160 cycles, and thereby indicating the film coalescence. The opticallydetermined coalescence thickness of 2.7 nm was in agreement with the electrically-obtained result (refer to Fig. 11 ). Fig. 13 . Evolution of W film thickness (in black) and its growth rate (in blue) with ALD cycles as observed with in-situ SE monitoring. W was deposited on a 0.6 nm W seed-layer. The dashed line indicates the thickness where the growth rate saturates, and thereby indicates the film coalescence.
V. CONCLUSIONS
The thickness where insulating (AlN) and conducting (W) films reached continuity during atomic layer deposition was investigated respectively, using a specially designed electrical test structure and a CTLM structure. AlN films were found to coalesce around 11 nm, which was concluded from: (i) transition from ohmic to non-ohmic conduction, (ii) significant decrease in the current density levels, and (iii) gradual independence of the current density with the electrode area, from thinner to thicker AlN films. For W films the coalescence thickness was between 2 and 3 nm, as identified from the minima of Rt 2 vs. t plots. The electrical study on film-continuity was complemented by optical analysis with SE. Coalescence of AlN and W was determined from the thickness at which their respective growth rates stabilized. For AlN, this occurred at 8.4 nm and for W, at 2.7 nm.
